The early Proterozoic gneiss-charnockites from Dharmapuri area, southern India are investigated to understand the crustal evolution processes of the area. The granulite facies metamorphism which con verted the tonalitic gneisses to enderbites in the area was isochemical, except for the depletion of LIL elements. The enderbites of granulite zone have high K / Rb, Ba / Rb, K / U and K / Th but low U, Th, K / Sr, Rb / Sr and Th / U compared to the tonalitic gneisses of the transition zone.
INTRODUCTION
The lower crust is of fundamental impor tance in determining the bulk composition of the continental crust. The nature of this deeper part is poorly known compared with that of the up per crust. The aim of the present work is to study the lower part of the crust in Dharmapuri area, which is represented by granulite massifs, and to unravel the nature of their protoliths, the tem poral behaviour of elements to metamorphism, P-T conditions of metamorphism, and the crustal generation processes. The magnitude of " the vertical distribution of heat-producing elements, as well as of other major and trace elements, in the granulite precursors is also at tempted by comparing equivalent rock types in the adjacent amphibolite facies terrains. The area of study includes the transition zone south of Kaveripatnam, where tonalitic gneiss-ender bite rocks are exposed (Fig. la) , and the granulite zone around Dharmapuri proper, where enderbite massifs are exposed (Fig. lb) . preceeded the granulite-facies metamorphic event, and that the enderbite formed by metamorphic conversion of gneisses and migmatites (Condie et al., 1982; Allen et al., 1983; Rameshwar Rao, 1985 , 1987 Rameshwar Rao et al., 1990) . A continuous metamorphic gradation from amphibolite facies in the north to granulite facies in the south is observed (Fig.  1) . In the sourthern part of the transition zone or thopyroxene becomes more prominent and am phibole becomes rare in gneisses. The culmina tion of this progression are the enderbite massifs of entirely granulite facies metamorphism.
REGIONAL GEOLOGY
In the granulite zone near Dharmapuri area, a NNE-SSW trending shear zone occurs. Minor retrogression of enderbites with orthopyroxene converting to amphibole and biotite is observed in the shear zone (Fig. lb) . The granite gneisses of the granulite zone are mainly confined to this zone. The mafic rocks of the area are fine to coarse grained and occur as lensoid enclaves, or elongated bands, parallel to the foliation of the .gneisses (NS, NNE-SSW). The boundaries of mafic and tonalitic rocks are diffuse and are sometimes marked by coarse biotite or horn blende.
Geothermobarometric studies of orthogneis ses indicate prograde metamorphism from about 5.5 ± 1.5 kb and 730±401C in the north, to about 8:L 1.5 kb and 775 ± 30°C towards the south (Rameshwar Rao and Narayana, 1988; Rameshwar Rao et al., 1991) . The above P-T data correspond to a depth of equilibrium of minerals as 14 to 23 and 23 to 33 km, respec tively, and indicate geothermal gradients in the range of 38 to 28°C/km. Further, assuming that no significant addition to lower crust has occur red since the granulite facies metamorphism, a 50-68 km thick crust could be inferred consider ing the present-day crustal thickness as 35 km.
A seven point Rb-Sr whole rock isochron of the transitional tonalitic gneisses showing transformation to enderbites (Narayana et al., 1989) gave an age of 2439 ± 67 Ma with Sri ratio of 0.70183±83. Peucat et al. (1989) -190) . Zr and Y were analysed on XRF (Philips PW 1400), while U and Th were analysed on a Gamma-ray spectrometer. FeO was determined by titration. REE analyses were done on `VG Plasma Quad' inductively coupled plasma mass spectrometer. Instrumentation, operating conditions, precision and limits of detection are given in Rao (1974) , Naqvi et al. (1980) , Govil (1985) and Rameshwar Rao (1987) .
The mean composition of the tonalitic and mafic rocks, their standard deviation and ranges are given in Tables 1 and 2 respectively. REE data are presented in Table 3 . The rocks of the area have diverse compositions, with the majori ty of the quartzo-feldspathic samples occupying the tonalitic field, while the mafic members oc cupy the quartz diorite and gabbro fields (Fig. 2) .
Compositionally the enderbites and mafic charnockites of the granulite zone show deple tion of K20, Pb, Li and Rb, and high K / Rb, Ba / Rb and low Rb / Sr and K / Sr in comparison with their counterparts, the tonalitic gneisses and mafic gneisses of the transition zone respec tively. Trace elements like Sr, Ba and Zr and Ba/ Sr, however, do not show significant differences between zones (Tables 1 and 2 ). Fur ther, it is also seen that, the enderbites of the transition zone in general have compositions in termediate between those of the tonalitic gneisses of the transition zone and those of ender bites of the granulite zone (e.g. Li, Rb, Th, K/ Rb, Rb / Sr, Ba / Rb), suggesting an in termediate stage in the transformation of (9) 14 (9) 11 (9) 49 (8) 678(8) 591 (9) 196 (8) 24 (8) tonalitic gneisses to enderbites ( Table 1) . The constrasting chemical composition of rocks within the transition and the granulite zones is depicted in Fig. 3 after normalizing with primor dial mantle abundances (Wood et al., 1979) .
In order to know the nature of protoliths, Shaw (1972) Chappell and White, 1974) . Also, the samples plot in igneous fields on Ti02 vs Si02 variation diagram after Tarney (1976) , and also show trondhj emite trend on AFM diagram (Figs. 4 and 5).
The mafic members in Fig. 5 show no strong Fe enrichment and show unimodal distribution. This is in contrast to the bimodal distribution shown by the Madras granulites (Weaver, 1980) . The chemical variation from mafic to felsic members is also evident from Harker's variation (6) 20 (6) 11 (6) 47 (5) 424 (5) 282 (6) 147 (6) 29 ( 51.87(6) 0.65 (6) 15.19(6) 6.65 (6) 3.89(6) 7.28(6) 9.98(6) 3.20(6) 0.62(6) 0.18(6) 0.20 (6) 12 (6) 10 (6) 4(6) 322 (6) 160 (6) 143 (6) 27 (6) diagram (Fig. 6 ). Oxides like FeO(T), CaO, MgO and MnO show a steady decrease in their values as weight percentages of Si02 increases, while Nat O and A12 03 do not show much variation in their abundances. K20 is marked with (i) low K2 0 in the range of 47 to 73 % SiO2, and (ii) a scatter with K20 enrichment in the range of 65 to 72% Si02 (Fig. 6a) , similar to that of Scourie area, NW Scotland (Rollinson and Windley, 1980) . The plot of K vs Rb (Fig. 7) shows that most of the rocks of the transition zone and those of Barker and Arth (1976) . Symbols as in Fig. 2 .
the granulite zone plot above the main trend (MT) defined by Shaw (1968) for continental ig neous rocks, and follow the Precambrian granulite trend as shown by Jahn and Zhang (1984) and Rudnick et al. (1985) . Further, the depletion of K and Rb from the granulite facies terrain has the effect of lowering the mean K/ Sr and Rb / Sr ratios and increasing the Ba/ Rb ratio relative to those for the amphibolite facies rocks.
Rb is more depleted than Sr and Ba during alteration and metamorphism, and where Rb is severely depleted (granulite zone), Rb / Sr ratios attain very low values, much lower than the esti mated average primitive mantle value of 0.03 (Table 1 ). The abundances of Ba and Sr in the transition zone and the granulite zone are not significantly different, and it is often quoted that Ba and Sr have normal or even enhanced abun dance levels in the granulites relative to their am phibolite facies equivalents. The tonalitic gneisses of the transition zone have an average Ba/ Sr ratio of 0.85, while the enderbites of the granulite zone have an average ratio of 0.82.
Pb and Li show higher abundances in the tonalitic gneisses of the transition zone in com parison to enderbites of the granulite zone (Table 1 ). The feature is quite compatible with the concept of a metamorphically induced chemical fractionation between the lower crustal granulite facies rocks and the overlying am phibolite facies rocks (Rameshwar .
The enderbites and mafic charnockites of the granulite zone are characterized by low U, Th and Th / U ratios, and high K / U and K / Th ratios (Tables 1 and 2 ) compared to the tonalitic gneisses and mafic gneisses respectively of the transition zone. This indicates depletion of U and Th in relation to K, a feature common to most of the reported granulites of the world (e.g. Sheraton and Black, 1983; Sheraton and Coller son, 1984; Rogers et al., 1986) . The enrichment of U and Th in tonalitic gneisses and mafic gneisses of the transition zone relative to the enderbite and mafic charnockite of the granulite zone is well demonstrated in U-Th log-log plot (Fig. 8) .
Zr, Y and Ti show almost the same range of concentration in both the zones (Fig. 3) . Y when plotted against Si02 (Fig. 9a) shows a negative correlation, but has a, positive correlation against Ti02 (Fig. 9b) and CaO (Fig. 9c) . In order to see whether the low LIL elemental con centration in granulite facies rocks is a manifesta tion of compositional variation originally existed in their protoliths or due to depletion during granulite facies metamorphism, Y is also plotted against Rb (Fig. 10) , and Zr is plotted against U, Th, Ti, Y, Rb, Pb, Ba and Sr (Fig. 11) . The evaluation of scatter in these diagrams is an in dication of the relative mobility of different elements (cf. Roddrik, 1984; Arndt and Jenner, 1986 The tonalitic gneisses of the transition zone as well as the enderbites of the granulite zone, are characterized by enrichment in LREE, deple tion in HREE and a variable positive Eu anoma ly (Fig. 12a-c) . In general, REE patterns of these rocks in the two zones overlap, which may in dicate no fractionation of REE elements with in crease in the grade of metamorphism (i.e., no control of metamorphism on the REE abun dances). The REE concentrations and patterns thus suggest that the tonalitic liquids are one and the same in both zones and that they were sub jected later to different grades of metamor phism.
The mean compositions of the tonalitic gneisses and the enderbites of Dharmapuri area (Table 1) are compared with other granulite ter rains of south India, Scotland, Brazil and Australia ( south of the Dharmapuri area (Table 4 ). The composition of amphibolite facies and granulite facies rocks of Dharmapuri area (Table 1) are also comparable with the Archean middle and lower crustal composition rocks of Lewisian (Weaver and Tarney, 1984) and with lower crustal Scourian gneisses of NW Scotland . 
Mode of protolith formation
It is relevant to briefly review the models that have been proposed for the derivation of the or thogneisses of transition and granulite zones: (a) Intracrustal partial melting (Fyfe, 1973; Pride and Muecke, 1980) ; (b) Primary fractionation of andesite-dacite magma (Holland and Lambert, 1975; Field et al., 1980) ; (c) Partial melting of a mafic source rich in hornblende and/or garnet (Weaver and Tarney, 1980; Condie et al., 1982) ; and (d) Fractional crystallization of wet basaltic magma or diorite magma (Barker and Arth, 1976; Arth et al., 1978; Jahn et al., 1988) . In the light of the data presented and discussion of the above models an attempt is made to arrive at a reasonable model.
Model (a) considers the granulites as residua after the extraction of granitic magma, while model (b) considers the granulites as cumulates resulting from primary fractionation of andesitic-dacitic magma. However, the follow ing consideration does not favour models (a) and (b) for the origin of the protoliths. The models do not explain: (i) the depleted HREE and positive Eu anomaly of the siliceous amp hibolite-facies gneisses of the transition zone, i.e., the positive Eu nature does not represent the tonalitic gneisses of transition zone as the Eu depleted complementary part for the Eu enrich ed granulites; (ii) the very low Rb / Sr and high Ba/Rb ratios observed in the enderbites of the granulite zone; and (iii) the minor variation of Ba/Sr ratio of enderbites of the granulite zone in comparison to tonalitic gneisses of the transition zone. Further, in the study area, the granites are formed by partial melting/ metasomatism of tonalitic. rocks (Rameshwar Rao, 1987) , and donot represent the melt fraction of the magma and the granulites the residues, in order to sup port the models. There is also ample evidence (discussed later) to support the Dharmapuri granulites being the products of metamorphism and that they have not crystallized at depth.
Model (c), the partial melting of mafic rocks, is preferred by most workers to yield tonalitic gneisses. Model (d), the fractional crystallization of a mafic magma is less preferred, due to lack of both significant volumes of intermediate igneous rocks in Archean terrains and of any recognizable cumulate material (Condie et al., 1982; Weaver and Tarney, 1984) . It is however, difficult to distinguish between magmatic differentiation of mafic protoliths by partial melting or fractional crystallization of basic source. It can be said that the present data are consistent with both the partial melting and frac tional crystallization models.
Fractional crystallization model
The rocks show compositional variation from gabbro / quartz diorite through tonalite to granodiorite, with Si02 raning from 47 to 73%, and have high A1203 (> 14%). They occupy calc alkaline field, and show a definite trondhjemite trend. They show igneous trends without any compositional gap on different variation diagrams (Fig. 6) . They also show unimodal distribution on AFM diagram (Fig. 5) in com parison to the bimodal distribution shown by Madras granulite (Weaver, 1980) , suggesting the genetic relation of mafic and felsic members, and thereby supporting a fractional crystallization model. The chemical parameters which show LREE enrichment, HREE depletion, and variable positive Eu anomaly, with a wide range in Ce and Y concentrations and negative correla tion of Y against Si02, shown by these rocks can be interpreted as due to fractional crystallization (cf. Arth et al., 1978) . It may be noted that few gneisses have more than 70% SiO2 and high CaO and A1203 relative to normal calc-alkaline rocks, suggesting a fractional crystallization model (Tarney, 1976) . A fractional crystallization model is also consistent with the relative ages of the rocks in the suite which become more silicic with time.
In view of the large exposures of tonalitic rocks in the area under study a basalt or mantle source is most favourable for the generation of large volumes of tonalitic magma (Arth and Han son, 1975; Barker and Arth, 1976) . The petrochemical evidence cited above suggests that the mafic to felsic rocks of the area might con stitute a comagmatic province resulting from the fractional crystallization of a basaltic magma, as suggested by Barker and Arth (1976) and Arth et al. (1978) , or by fractional crystallization of diorite magma ( Jahn et al., 1988) . High tempera ture fusion of hydrous mantle peridotite at shallow depths also produces gabbro to quartz dioritic magmas. This is permissible within the constraints of experimental petrology (Wyllie, 1984) . The gabbroic magma on subsequent frac tional crystallization may produce compositions ranging from gabbro to granodiorite through tonalite.
The negative correlation of Y with Si02 ( Fig.  9) indicates that the more siliceous gneisses have highly fractionated REE pattern. The rocks also show negative correlation on Ti02 vs Si02 diagram (Fig. 4) and positive correlation on Y vs Ti02 diagram (Fig. 9) , both apparently decrease with more fractionated rocks. According to Tarney et al. (1979) this relation suggests that two mineral phases, such as garnet and ilmenite or rutile, remove Y and Ti respectively during fractionation. Alternatively there may be one phase such as hornblende holding both these elements. The negative correlation of Y with Si02 also suggests fractionation dominated by hornblende (Frey et al., 1978) . This is also sup ported by the decrease of normative diopside with increase of SiO2.
Further, most samples are diopside nor mative, with a few being corundum normative, which implies that hornblende fractionation was not the only major factor in determining the variation trends of the tonalites. Hornblende fractionation would have been accompanied by a marked decrease in normative diopside in the melt (Cawthorn and Brown, 1976) . The marked depletion of Y with CaO decrease (Fig. 9 ) precludes plagioclase to be other phase that frac tionates (cf. Lambert and Holland, 1974) . It is probable that the separation of liquid from crystal residue occurred by means of filter press action. As a result of this, mafic rocks are caught up as lenses in the tonalitic to granodioritic rocks. All these processes were completed within a few millions of years, as discussed later.
A residual liquid derived by a continuation of the crystal fractionation process, which is believed to have given rise to different rock types of the area, is treated mathematically using the least square mixing method of Wright and Doherty (1970) . This approximate model was started with a gabbroic liquid containing 50% Si02 and fractionates with Si02 increments of 5% are considered. The compositions of the frac tionating phases, hornblende, plagioclase, clinopyroxene, biotite, magnetite, ilmenite etc. are considered from the study area (Rameshwar Rao et al., 1991) . The results are tabulated in Table 5 . From Table 5 it is evident that the early phase of fractional crystallization was domi nated by hornblende, while the later phase was dominated by plagioclase. Iron-oxides, clinopyroxene and biotite are the additional minor phases that have fractionated. The method is considered to give only the approx imate proportions of different phases that have fractionated, as several factors prohibit unique calculation by this method, as stated by Arth et al. (1978) .
Partial melting model
As an alternative to the fractional crystalliza tion model, the felsic members can be explained by the widely accepted partial melting of basaltic rocks. A discussion in length of this model for the transition zone rocks of Dharmapuri area is given by Condie et al. (1982) . However, the par tial melting model of Hanson (1980) , to produce tonalitic liquids is also attempted in this study. It is observed that the range of REE composition represented by tonalitic gneisses (shaded region in Fig. 12d ) can be produced by about 15 to 30% melting of the amphibolite source (cf. Rajamani et al., 1985) with variable plagioclase/ clinopyroxene/hornblende ratios. The represen tative REE composition for the shaded region (Fig. 12d) can be produced by 25-30% melting with Plag48, Cpx5o and Gar2 as residual phases.
The tonalitic melt thus produced intrudes its mafic residues. The continuous compositional variation observed from mafic to felsic members in the suite can be related to a later tectonic mix ing of members during metamorphism (Tarney, 1976 
Metamorphism
Various field, petrographic and geochemical evidence, such as: (i) the presence of granulite texture in the enderbites; (ii) the absolute freshness of the constituent minerals; (iii) inci pient charnockitization of tonalitic gneisses of the transition zone and appearance of greasy lustre in southern parts of the transition zone as well as in the granulite zone; (iv) formation of hypersthene from biotite and hornblende; (v) gradational increase of hypersthene and P-T con ditions to the south; and (vi) the similarity in the compositional range of the tonalitic gneisses and enderbites in both the zones, suggest that the (Condie et al., 1982; Janardhan et al., 1982; Allen et al., 1983; Rameshwar Rao, 1985) . The similarity of immobile element concen trations and differences of LIL element abun dances (Fig. 3) can be regarded as due to the effects of medium to high grade metamorphism. As a consequence of metamorphic processes major changes involving abundances of LIL elements have resulted. Studies of trace elemen tal behavior have shown that mineralogical changes, i.e., breaking down of hydrous minerals to anhydrous minerals during granulite facies metamorphism, as well as an influx of volatile species helped in the selective mobiliza tion of elements (Rameshwar Rameshwar Rao et al., 1990) .
Time relationship
The REE concentrations of amphibolite and granulite facies rocks are similar (Fig. 12) , in dicating that the elemental compositions of Sm and Nd were not effected by granulite-facies metamorphism. The whole rock dates of Sm-Nd thus represent the protolith age of the rocks, and the low Sri ratio and the similar ages by Rb-Sr and Sm-Nd whole rock techniques Peucat et al., 1989) suggest the deriva tion of the transitional gneisses from source rocks having a short crustal residence time, prob ably of the order of < 100 Ma. Peucat et at., (1989) , referring to south In dian granulites, suggested that the transition zone under study, as well as the Nilgiri and Shevaroy Hill charnockites south of the present area, were derived from 2.5 Ga old crust and that the time elapsed between the crust forming event and the metamorphism was short. The evolution history of the Dharmapuri rocks thus provide another example supporting the concept of a continental accretion differentiation Supere vent at 2.44 Ga, as suggested by Moorbath and Taylor (1981) .
CONCLUSIONS
The geochemical arguments suggest that the protoliths of the Dharmapuri area were igneous rocks. Compositionally, the rocks vary without any compositional gap, through gabbro, diorite, quartz diorite and tonalite to granodiorite. The gabbroic rocks do not show any iron enrich ment. We prefer a fractional crystallization model involving the fractionation of hornblende and plagioclase producing tonalitic liquids from a parent basaltic composition for the origin of the suite. An alternative to this model involves 15-30% partial melting of the amphibolite source with plagioclase and clinopyroxene as the dominant residual phases. The isotopic data further support the concept that the origin and evolution of the entire com plex encompass a rather short time interval be tween the major crust-forming event and metamorphism. The medium to high-pressure granulite-facies assemblages represent the natural culmination of high P, T and low px2o prograde metamorphism. Underplating by man tle derived liquids may be a significant process in the late Archean-Early Proterozoic continental growth.
